The prefrontal cortex (PFC) is involved in multiple forms of higher-order cognition, including working memory, conflict monitoring, inhibitory control, and shifting between rule sets ([@bib0090]; [@bib0495]; [@bib0500]). These cognitive processes are collectively referred to as executive functions (EF). Together these skills allow the formation and execution of future-oriented plans and the inhibition of behaviors that do not serve these plans, providing the foundation for healthy decision-making and self-regulation.

EF in early childhood is associated with school readiness ([@bib0060]), academic success ([@bib0080]), risky behaviors in adolescence and adulthood ([@bib0180]; [@bib0550]), the likelihood of becoming incarcerated ([@bib0820]), and a wide range of outcomes in adulthood in the domains of health, socioeconomic status (SES), and criminal behavior, over and above the effects of IQ ([@bib0505]). Determining how early environmental experiences shape EF development is critical to identifying educational, community, and family-based strategies to nurture and support the development of these skills and promote healthy outcomes across the life span. We argue that accelerated progress in this effort can be made only when intervention development is informed by a principled and biologically plausible understanding of the developmental mechanisms by which environmental experience shapes the development of the PFC and associated EF. In this piece, we review the existing literature on how early environmental experiences shape EF outcomes, and then offer a novel perspective on how these experiences may be shaping the PFC and EF beginning in infancy.

1. Environmental influences on EF and PFC development {#sec0005}
=====================================================

Environmental experience shapes developmental processes through experience-expectant and experience-dependent processes ([@bib0270]). Experience-expectant learning is best illustrated in relation to sensory system development. The neural circuits that process sensory information are sculpted by specific environmental inputs during sensitive periods early in development. For example, populations of neurons in visual cortex are well-matched to properties of patterned light input from the environment ([@bib0355],[@bib0360],[@bib0365]). In typical development, sound and light information is similarly available to all animals, driving very similar and species-typical patterns of cortical development in sensory networks---or experience-expectant processes. Experience-dependent plasticity, in contrast, reflects emergent connections between neuronal populations in a way that reflects each person's unique environmental experiences. Long-term memory is a classic example of experience-dependent plasticity, where the process of long-term memory formation is shared across individuals but specific memories differ across individuals based on experience. Similarly, infants may experience more or fewer objects of various colors in the home and this variability may impact color processing and object perception development ([@bib0805]). Our focus here is on experience-dependent learning and the impact that this variability of experiences has on PFC and EF development.

Considerable evidence suggests that environmental experience plays a meaningful role in the development of PFC and EF, although the specific experience-dependent processes involved remain largely unknown. Evidence for the importance of early environmental experience in shaping PFC and EF development comes from the well-documented reductions in EF ability among children who have experienced an absence of stable and responsive caregiving, such as institutional rearing and neglect ([@bib0085]; [@bib0480]; [@bib0570]; [@bib0735]). Childhood SES---including parental education and income---is also associated with individual differences in EF, such that higher SES is associated with better EF performance; critically, this association is observable across the entire SES distribution and is not present only in children living in poverty ([@bib0010]; [@bib0295]; [@bib0435]; [@bib0610]; [@bib0640]). SES is also associated with structure and function of the PFC ([@bib0230]; [@bib0300]; [@bib0530]; [@bib0610]; [@bib0670]) and this association exists across the entire SES distribution (e.g.,[@bib0525]; [@bib0010]; [@bib0610]; [@bib0425]). Differences in structure and function of the PFC are also observed in extreme circumstances of caregiver deprivation as in neglect and institutional rearing, (e.g., [@bib0510]; [@bib0345]).

Given the established link between variability in PFC-dependent EF development with caregiving and childhood SES, identifying specific types of experiences that are required for adaptive EF and PFC development is a goal of many research studies ([@bib0295]; [@bib0395]). However, unlike experience-expectant inputs that are critical in sensory development, there is unlikely to be a singular set of specific environmental experiences that is required optimal PFC development. Indeed, a recent model of PFC argues that PFC development reflects *adaptation* to the child's changing environment ([@bib0795]), an experience-dependent rather than experience-expectant process. Below, we articulate a novel conceptual account of how specific early environmental experiences that are associated with childhood SES could impact experience-dependent learning and in turn produce lasting differences in EF and PFC development.

2. Existing models of environmental experience and EF development {#sec0010}
=================================================================

The link between SES and EF is almost certainly multifactorial, involving a variety of mechanisms operating at multiple levels of influence. Here we review some mechanistic explanations that have been previously proposed. For instance, it has been proposed that children reared in poverty lack rules, routines, and structure, and that the environments of children from low-SES families are more "chaotic," disorganized, and unstable ([@bib0205]). In turn, this lack of structure, consistency, and routines is thought to produce poor EF ([@bib0200]; [@bib0325]; [@bib0370]; [@bib0775]). Additionally, it has often been suggested that exposure to high levels of stress has a deleterious effect on PFC function ([@bib0285]; [@bib0320]; [@bib0450]) in ways that ultimately constrain EF ([@bib0070]).

Although each of these models has some empirical support, they are limited in their ability to explain the types of environmental experiences that are required to develop adaptive EF and support PFC development. For example, although exposure to stress may impair PFC function, a stress account provides insufficient explanation for the types of experiences that are required for the PFC to develop the capacity for EF (i.e., an absence of stress does not sufficiently describe the types of experiences that scaffold EF development). The strongest support for these proposed mechanisms comes from studies of children living in poverty ([@bib0070]). However, as SES increases, features of the environment that tend to co-occur with poverty---including stress and chaos---are generally mitigated. In other words, differences in EF among children from economically stable middle-class families as compared to wealthy families is unlikely to be explained by greater levels of stress or chaos in the children from middle-class families ([@bib0325]; [@bib0755]; [@bib0760]; [@bib0335]); yet, SES-related differences in EF and PFC are well-documented even at the upper end of the SES distribution (Amso et al., 2018; [@bib0535]; [@bib0530]; [@bib0640]; [@bib0610]). As such, explanations focused on stress and chaos cannot account fully for why EF and PFC structure and function vary along the entire SES gradient. Rather, they are explanations as to why we might expect to see disparities among youths raised in poverty or in more extreme adverse environments compared to children raised in more advantaged circumstances.

We focus on the role of cognitive stimulation as a mechanism linking SES and EF, building on other recent conceptual models ([@bib0290]; [@bib0665]). Cognitive stimulation is characterized by access to a complex environment with developmentally appropriate learning materials, a rich variety of experiences, a complex linguistic environment, and the presence of a caregiver who interacts with the child consistently and uses strategies that promote learning (e.g. scaffolding). Access to complex sensory, linguistic, motoric, and social experiences that occur in the context of caregiver interactions have been argued to shape the early forms of learning that scaffold the development of more complex forms of cognition, including EF ([@bib0480]). We argue that cognitive stimulation supports development of the feed-forward and feedback loops between sensory processing regions and the PFC, which lays the groundwork for the complex computations necessary for EF ([@bib0795]).

In contrast to other proposed mechanistic explanations, cognitive stimulation accounts for the association between SES and EF across the entire SES distribution and highlights specific types of experiences that are likely to scaffold development of the PFC. Cognitive stimulation and the complexity of early linguistic experience have been associated with the development of EF and PFC structure and function in multiple studies ([@bib0290]; [@bib0610]; [@bib0640]; [@bib0670]; [@bib0615]), and mediate the association of SES with EF and PFC structure, even after adjustment for exposure to stress or violence ([@bib0295]; [@bib0610]; [@bib0615]). Differences in cognitive stimulation may contribute to EF disparities among children exposed to adversity, given the well-established reductions in cognitive stimulation observed among children exposed to caregiver deprivation and from low-SES households ([@bib0095]; [@bib0100]; [@bib0330]; [@bib0385]; [@bib0680]). Critically, however, cognitive stimulation varies across the entire SES distribution---with children from higher-SES households experiencing more cognitive stimulation even at the highest end of the SES distribution---and is associated with individual differences in EF ([@bib0100]; [@bib0295]; [@bib0610]; [@bib0615]; [@bib0015]), making this a plausible environmental mechanism explaining variation in EF and PFC function.

Other aspects of early experience encompassed in our definition of cognitive stimulation also vary across the SES distribution and predict EF, including language exposure and parent scaffolding of child learning. Caregiver language quality and quantity increase across the entire SES distribution ([@bib0255]; [@bib0330]; [@bib0595]; [@bib0625]) and contribute to SES-related differences in neurocognitive development, including EF ([@bib0770]). Parental scaffolding provides a structure and framework in which children have the tools to learn while letting the child explore and work toward independence ([@bib0780]; [@bib0815]) and is a specific dimension of parenting thought to be important in the development of EF ([@bib0430], [@bib0435]). Parental scaffolding varies as a function of SES, such that higher SES parents tend to provide more scaffolding than their lower SES counterparts ([@bib0075]; [@bib0435]). Scaffolding is seen as an external guide for children to direct and switch attention ([@bib0045]). Maternal verbal scaffolding predicts better verbal abilities in children, which in turn affords children greater facility with language in guiding their own behavior ([@bib0420]). Some suggest that scaffolding coupled with secure attachment where children can feel comfortable exploring and trying new solutions explains variation in children's EF ([@bib0110]). Individual differences in scaffolding strongly predict EF ability and this holds true over and above the effect of SES ([@bib0065]; [@bib0215]; [@bib0430]; [@bib0685]; [@bib0310]).

Importantly, parenting is a complex construct including many elements across emotional, cognitive, and social domains ([@bib0165]; [@bib0460]; [@bib0485]). Here, we focus specifically on the degree to which parents interact with their children in ways that support child learning. This includes both the quantity of interaction as well as the quality of that interaction (e.g., linguistic complexity, and use of specific strategies that promote learning, like scaffolding). Many other aspects of parenting do not, in our view, reflect cognitive stimulation -- such as warmth, responsiveness, predictability, discipline strategies, and many others.

Together, this body of literature suggests that variation in multiple components of cognitive stimulation including environmental complexity, variety of experiences, linguistic exposure, and parental involvement in child learning are plausible mechanisms explaining SES-related disparities in EF.

3. A novel account: scaffolded perceptual experience drives EF and PFC development {#sec0015}
==================================================================================

Here we integrate and expand on these existing mechanistic models in a novel conceptual model with testable hypotheses. Specifically, we advance a model that posits a central role of interaction with caregivers early in development in shaping EF and PFC development. In this section, we dissect how high level cognitive stimulation may drive lower-level sensory and perceptual processes that may impact the development of EF and PFC beginning in infancy. We use recent approaches to EF and PFC development as a guide to understanding these individual differences ([@bib0020]; [@bib0795]).

We propose that caregivers guide attention and early learning through child-directed speech and other forms of social interaction that provide children the opportunity to regulate attention as well as train the PFC to resolve conflict between stimuli with overlapping features beginning very early in development. Child-directed speech and other forms of caregiver interaction (e.g., facial displays, tactile stimulation) direct children's attention to the external environment and stimulate associative learning ([@bib0170]; [@bib0390]; [@bib0810]) and may enhance the neural representations of these stimuli ([@bib0240]). These types of caregiver interactions require children to regulate attention and promote learning that facilitates the development of semantic knowledge of perceptually similar stimuli ([@bib0135]; [@bib0630]; [@bib0725]). Critically, we argue that this social scaffolding also provides children the opportunity to resolve conflict between multisensory stimuli with overlapping features beginning very early in development. This process in turn supports increasingly complex computations in the PFC as visual processing systems develop and project more complex information to the PFC. We posit that cognitive control develops, in part, through the need to regulate attention to and resolve conflict between such stimuli. Finally, we propose that this early regulation of attention lays the groundwork for the more complex computations necessary for EF that the PFC performs as the child develops ([Fig. 1](#fig0005){ref-type="fig"}).Fig. 1Conceptual model. Illustration of how cognitive stimulation, including access to a complex environment with developmentally appropriate learning materials and a variety of experiences, a complex linguistic environment, and a caregiver who engages in behavior to promote learning, may explain differences in prefrontal cortex (PFC) and executive function by driving reciprocal interactions between the ventral visual stream and the PFC.Fig. 1

These arguments rest on recent approaches to EF and PFC development beginning in infancy. [@bib0020] have argued that executive attention processes over visual inputs may be emergent from the functional development of downstream visual systems, in particular through existing feedforward and feedback connections. Visual input from the dorsal and ventral visual pathways converges onto PFC ([@bib0245]) in a manner that results in increasing demand on PFC computations to adapt as various visual processing systems strengthen with development. Moreover, the PFC computations that facilitate the early ability to resolve competing perceptual inputs are likely to be similar to those that underlie more complex EF abilities---including working memory, task switching, and inhibitory control---that develop as the PFC adapts to increasingly changing and complex environmental inputs ([@bib0795]). Indeed, recent work provides evidence that the PFC is performing computations similar to those of adults in infancy, but is adapted to infants' unique ecological niche ([@bib0795]; [@bib0800]).

Expanding on these accounts of early PFC development, we posit that the early regulation of attention and/or resolution of conflict that is facilitated by early interactions with caregivers lays the groundwork for the more complex computations necessary for EF that the PFC performs as the child develops. Through this lens, we describe the mechanisms that might link the quantity and quality of early caregiver interactions and the richness of sensory experience with individual differences in the development of EF and the PFC. We then evaluate this model by presenting evidence in support of hypotheses that fall within this framework and highlight the need for future studies to evaluate hypotheses that remain untested.

In this section, we outline the specific types of environmental experiences afforded by early interaction with caregivers---including cognitive and perceptual stimulation and language processing---that we argue are critical for the development of the PFC and EF abilities. Specifically, we outline two unique pathways through which caregiver interactions and linguistic experience shape early PFC development.

3.1. Attention Regulation Pathway {#sec0020}
---------------------------------

Unlike sensory systems, the PFC does not receive input directly from the external environment, but rather integrates information from other brain regions, including sensory areas. [@bib0020] posit that in typical development, the PFC relies on sensory input and complexity to develop. Early in development, children experience an influx of sensory and linguistic information, and we argue that caregivers play a critical role in guiding children's attention to relevant environmental stimuli in ways that foster the development of EF. Although sensory inputs of many kinds are important in this process, we use the development of the visual system to make our arguments.

Visual information reaches the PFC through projections from both the dorsal and ventral visual cortical pathways ([@bib0245]; [@bib0405]). The dorsal visual stream processes motion and spatial information and encompasses parietal spatial attention systems. The ventral visual stream is critical for object recognition and is made up of regions that respond preferentially to specific types of complex visual categories. These include visual features such as line orientation and color, as well as complex shapes, faces, places, and whole objects ([@bib0280]; [@bib0400]). The dorsal and ventral streams have both feedforward projections into PFC and receive input through feedback connections from PFC ([@bib0245]; [@bib0405]). While the development of both dorsal and ventral visual pathways is likely important for PFC development ([@bib0020]), we focus here on the idea that ventral visual stream circuits might be more susceptible to differences in individual variability in SES and may in turn be particularly relevant to understanding SES/PFC effects highlighted earlier. In particular, the ventral visual pathway processes information that: (1) is learned through interaction with social partners (e.g., faces), (2) is labeled by caregivers through speech (e.g., colors, objects, people, places); and (3) varies in quantity and quality as a function of caregiver ability to provide children with complex sensory stimuli (e.g., toys, books, etc.). We further argue that information coming from ventral visual stream regions provide some of the earliest inputs to the PFC that require complex computations.

Infants are bombarded on a daily basis with novel sensory information, and social interactions with caregivers highlight which of the competing environmental inputs to select (i.e., direct attention to) and which to suppress. One experience through which this happens involves the regulation of attention, for example through child-directed speech ([@bib0115]; [@bib0175]; [@bib0515]; [@bib0580],[@bib0585]; [@bib0700]) and joint attention ([@bib0115]; [@bib0175]; [@bib0515]). Child-directed speech is characterized by a higher pitch and greater pitch range than other types of speech ([@bib0410]) and often is accompanied by exaggerated facial expressions ([@bib0140]). Children prefer speech with these properties, and these unique acoustic characteristics have been shown to direct children's attention to different visual information in the environment ([@bib0170]; [@bib0265]; [@bib0390]; [@bib0655]; [@bib0705]; [@bib0810]). Moreover, infants show increased PFC activity in response to child-directed speech but not adult-directed speech ([@bib0560]; [@bib0635]; [@bib0835]). For example, caregivers highlight important aspects of children's complex visual world both by drawing their attention to cues the caregiver wants to highlight and by engaging with aspects of the environment in which the child is engaged and helping them pull important features out of a background of visual complexity. This action may in turn increase that particular object's representation in ventral visual stream, which has inputs into the PFC. This guidance by caregivers increases demand on attentional resources to process the information that is being highlighted by the caregiver.

We propose that in environments with limited caregiver interactions, children are given less external guidance to regulate attention and have less experiences involving competition between sensory inputs for attention that must be resolved. This reduced caregiver interaction coupled with reduced access to sensory complexity (e.g., reduced access to books, toys, and complex stimuli with which to engage) may result in limited organized feed-forward information from the ventral visual stream to the PFC. Over development, this may result in lasting differences in PFC functioning and EF abilities.

3.2. Linguistic Pathway {#sec0025}
-----------------------

The second pathway through which caregiver interactions may influence the development of EF and PFC is by guiding the recognition and discrimination of objects and people through the acquisition of language and semantic knowledge, a second set of computations that involve feed-forward and feed-backward information streams between the ventral visual stream and the PFC ([@bib0250]; [@bib0660]). The perceptual environment is rich with stimuli with similar features and children must learn to disambiguate, organize, and categorize these stimuli. Recent work shows that the PFC is involved in this process as early as 8 months of age ([@bib0800]).

The complex sensory world generates conflict between stimuli with similar features that needs to be resolved, and semantic tags for these stimuli can help to resolve this conflict. For example, a red ball and a red apple are perceptually quite similar. Through child-directed speech, caregivers help children not only to guide their attention to relevant information in the environment, but also to associate these perceptually similar visual inputs with semantic tags (e.g. red ball with a stem is an apple, red ball without a stem is a toy). When a child is confronted with an object with competition between potential semantic tags (e.g., ball / toy; apple/fruit) in conjunction with input from a caregiver as in the above example, we posit that this provides an opportunity for information to be fed from the ventral visual stream to the PFC to resolve the competition. Children are able to form object category labels via child-directed speech even before they can produce speech ([@bib0220]), demonstrating that the formation of semantic categories occurs very early in development. The PFC is involved not only in the detection and resolution of competition ([@bib0490]), but also in the selection of information from semantic memory when competing alternatives exist ([@bib0730]). As children learn language, which facilitates object recognition and semantic knowledge, the PFC is continually engaged in the resolution of these types of conflicts and is performing the types of computations that will later be necessary for engagement in more complex forms of competition resolution that are typically considered in the domain of EF (e.g., between competing rule sets and goals).

In the remainder of the paper, we present several key hypotheses that fit within this conceptual framework of the developmental mechanisms linking SES with EF, including: a) SES is associated with cognitive stimulation; b) cognitive stimulation is associated with EF and PFC development; c) SES influences development of the ventral visual stream---potentially more so than the dorsal visual stream---and SES-related differences in cognitive stimulation may explain these differences in ventral visual stream development; d) development of the ventral visual stream scaffolds PFC development and EF; and e) that these associations exist across the entire SES distribution. There is empirical evidence in support of some of these hypotheses, while others remain to be investigated thoroughly. We end by putting out a call for future studies that would directly address all aspects of this conceptual model.

4. Socio-economic status and cognitive stimulation {#sec0030}
==================================================

Below, we evaluate the hypothesis that youths growing up in economically disadvantaged households tend to experience lower levels of cognitive stimulation, including language exposure, caregiver interactions and environmental complexity. Many studies have demonstrated that environmental complexity varies as a function of SES. In seminal work on this topic, [@bib0095] demonstrated that environmental complexity varies as a function of SES including both income and parental education such that children growing up in higher SES families live in more cognitively stimulating environments. This includes access to enriching experiences (e.g. going to the museum) and educational information (e.g. books), greater parental involvement in learning (e.g. parent teaching child letters and numbers), and greater visual complexity of the home ([@bib0095]). This finding has been replicated in numerous studies (e.g. [@bib0295]; Hackman et al., 2009; [@bib0610]; Rosen et al., In Press). These findings demonstrate that SES is associated with differences in cognitive stimulation and environmental complexity including access to learning materials, parental involvement in learning, and even visual complexity of the home.

Furthermore, it is well established that the quantity and quality of children's language experience varies meaningfully with SES. In foundational work, [@bib0330] documented large SES-related differences in the number of words to which children are exposed in the first four years of life. More recent research suggests that both the quantity and quality of language varies by SES and influences language development in children ([@bib0255]; [@bib0375]; [@bib0595]; [@bib0625]; [@bib0785]). Language exposure early in development facilitates object recognition by allowing children to learn labels for objects in their environment. This language exposure lays the groundwork for receptive and expressive vocabulary in children. SES is also positively associated with these language abilities ([@bib0195]; [@bib0590]). Among low-income families, children of parents who use more complex language exhibit greater gains in verbal abilities over time ([@bib0340]). Moreover, SES is associated with differences in children's conversational experience ([@bib0305]), which in turn predict language ability and neural processing of language ([@bib0595]). Additionally, parental verbal scaffolding is associated with SES such that higher-SES parents provide more verbal scaffolding support for their children ([@bib0430], [@bib0435]; [@bib0485]). This potentially provides structure for the development of attention regulation, which may in turn lay the groundwork for development of higher-level cognitive functions as we discuss below.

5. Cognitive stimulation and executive function {#sec0035}
===============================================

In this section, we present evidence regarding the hypothesis that cognitive stimulation in the context of caregiver interactions supports both EF and neural development. We discuss how variation in cognitive stimulation, caregiver interactions, and linguistic experiences early in development is associated with individual differences in EF and review some evidence that cognitive stimulation is linked to structure and function of both the ventral visual stream and PFC.

Several studies have investigated the associations between cognitive stimulation and EF. Exposure to enriching activities and environmental complexity are associated with child EF, including working memory, inhibitory control, and cognitive flexibility ([@bib0640]). The degree of cognitive stimulation in the early home environment as reported by caregivers predicts individual differences in children's working memory and planning later in development ([@bib0295]). Recent work from our laboratory replicates and extends these findings to show that cognitive stimulation---assessed with a gold-standard observational measure---is associated with individual differences in working memory, inhibitory control, and cognitive flexibility as well as growth in inhibitory control and cognitive flexibility in early childhood ([@bib0615]). Indeed, in a randomized control trial in Pakistan, an intervention that targeted and improved cognitive stimulation in the home environment was associated with gains in EF skills over time, and this effect was stronger than that of a nutrition intervention ([@bib0825]). Moreover, caregiver involvement in learning, including scaffolding, supports the development of EF ([@bib0045], for review see [@bib0215]). Parental scaffolding in early childhood predicts later EF ability ([@bib0310]), and EF mediates the association between parental scaffolding and later academic ability ([@bib0190]). Parental scaffolding is associated with EF development over and above the effect of children's cognitive abilities and family SES ([@bib0470]).

The linguistic environment is clearly important for supporting child language ability and brain systems that support language function, including the PFC ([@bib0225]; [@bib0330]; [@bib0595]). Recent work suggests that exposure to language also impacts other cognitive abilities including EF and function of the PFC ([@bib0670]; [@bib0305]). Recent work also provides support for the link between parental language input and child EF ability. For example, Daneri and colleagues found that maternal language complexity and vocabulary diversity were associated with child EF later in development ([@bib0185]). Indeed, recent evidence suggests that children's language abilities are predictive of EF and self-regulation skills ([@bib0030]; [@bib0415]). Furthermore, family language complexity, but not child language ability, has been found to be associated with differences in PFC function during complex EF task in 8--12 year olds ([@bib0670]). Together these findings indicate that the quantity and quality of language exposure along with cognitive stimulation and parental involvement in child learning aid in the development of EF in children.

Links between cognitive stimulation and EF are well documented in children who experience extreme forms of caregiver deprivation, such as early institutional care and neglect. Children exposed to this type of severe caregiver deprivation exhibit difficulty with multiple EF processes, including working memory, inhibitory control, and cognitive flexibility as compared to children reared in families ([@bib0085]; [@bib0160]; [@bib0350]; [@bib0440]; [@bib0475]; [@bib0735]). Additionally, children raised in institutions exhibit differential recruitment of the dorsolateral prefrontal cortex and anterior cingulate while performing EF tasks compared to controls ([@bib0510]).

Together, these studies show that the degree of cognitive stimulation in the early environment, shaped largely through children's interactions with caregivers, are meaningfully associated with EF as well as development of the PFC. This association exists in extreme cases of deprivation, as in the case of early institutional rearing, as well as in more common forms of variation in the home environment across the SES distribution.

6. a SES, cognitive stimulation, and ventral visual stream development {#sec0040}
======================================================================

The proposed model suggests that SES should be associated with structure and function of the ventral visual stream, which is explained by SES-related differences in cognitive stimulation.

With regard to the first prediction, meaningful SES-related differences in neural structure have been found in the ventral visual stream in many studies. Specifically, lower income, parental education, and qualifying for free or reduced lunch are all associated with decreased cortical thickness in the ventral visual stream ([@bib0455]; [@bib0525]; [@bib0565]). Additionally, SES is positively associated with recruitment of the fusiform gyrus during working memory for faces and greater recruitment of this region predicts better working memory performance ([@bib0610]).

With regard to the second prediction, we argue that these SES-related differences in both structure and function of the ventral visual stream may be explained by SES-related differences in caregiver interactions, cognitive stimulation, and early linguistic experiences. To our knowledge, there has only been one longitudinal study to date that has investigated how early cognitive stimulation is related to brain structure. Critically, the only regions that show an association between early cognitive stimulation and cortical thickness are the PFC and the ventral visual stream. Results of that study reveal that cognitive stimulation at age four was associated with reduced cortical thickness in the ventral temporal cortex, including the fusiform gyrus, and the prefrontal cortex in late adolescence ([@bib0025]). This study shows both specificity of the type of environmental factor and timing of exposure in shaping ventral visual stream and PFC structure: only cognitive stimulation (and not parental nurturance) at age four (but not age eight) was associated with cortical structure in adolescence.

Indirect evidence for a role of cognitive stimulation in shaping visual attention comes from a study of institutional rearing, demonstrating blunted P100 responses---an ERP component involved in perceptual processing---to faces in children raised in deprived orphanages; this early blunted neural response to faces was associated with attention problems later in development, even if the child was removed from the deprived environment before the age of 24 months ([@bib0675]). These findings are consistent with the idea that caregiver interactions shape the development of visual attention and other high-order aspects of visual processing (e.g., object and face recognition). Of course, institutional rearing is an extreme environment. However, coupled with the evidence above describing more normative environments, these findings are consistent with the idea that differences in high-level visual processing are evident in extreme forms of caregiver deprivation as well. Together these findings suggest that both SES and cognitive stimulation early in development may influence the structure and function of the ventral visual stream.

Numerous studied have demonstrated disrupted structure of the corpus callosum, particularly in the splenium, in children who have experienced early life institutionalization ([@bib0055], [@bib0050]; [@bib0670]) or neglect ([@bib0715]). This includes both smaller volume of the splenium ([@bib0670]) and reduced surface area ([@bib0715]) and white matter integrity ([@bib0055], [@bib0050]) of the corpus callosum among those exposed to early-life deprivation. Similarly, higher childhood SES is associated with greater white matter in the splenium in adulthood ([@bib0710]). Animal tracing studies show that the splenium, the posterior portion of the corpus collosum, contains fibers that connect extrastriate cortex ([@bib0380]; [@bib0150]; [@bib0155]) and human diffusion tensor imaging (DTI) studies have found that inferior-anterior portion of the splenium contains fibers from ventral visual stream regions ([@bib0575]). One possibility is that the lack of cognitive stimulation influences not only the cortical structure and function of the ventral visual stream regions, but also impacts the connectivity between these regions.

6. b SES-Related differences in the ventral versus dorsal visual streams {#sec0045}
========================================================================

Although reciprocal connections exist between the PFC and both the ventral and dorsal visual streams, existing evidence supports the notion that variation in environmental experience is associated with development of the ventral visual stream and associated functions (see [Table 1](#tbl0005){ref-type="table"}). For example, a series of recent behavioral studies suggest that SES influences ventral visual stream-dependent processes, including object-based attention ([@bib0005]), but not dorsal visual stream-dependent processes, including spatial attention ([@bib0465]). Furthermore, SES is positively associated with both feature-based attention for color and object-based attention, processes that are dependent on ventral visual stream function; in contrast, SES is unrelated to attention to motion, which is processed in the dorsal visual stream ([@bib0805]) and disparities in focused attention between high- and low-SES infants emerge as object complexity increases ([@bib0145]). In addition, numerous studies have demonstrated SES-related differences in both structure and function of the ventral visual stream ([@bib0455]; [@bib0525]; [@bib0565]; [@bib0610]). A recent study found that cognitive simulation early in development predicts differences in cortical thickness in the PFC and ventral visual stream, but not the dorsal stream, in adolescence ([@bib0025]). Together these findings provide support for the idea that variation in SES and cognitive stimulation is associated with development of the ventral visual stream and associated functions.Table 1Evidence from previous studies linking SES and cognitive stimulation with structure and function of the ventral and dorsal visual streams.Table 1AuthorYearTypeNAge RangeVentral Stream EvidenceDorsal Stream EvidenceAmso, Haas, & Markant2014Behavioral724 - 14 monthsHigher income is associated with greater attentional orienting to faces in infancyN/AMarkant, Ackerman, Nussenbaum, & Amso2016Behavioral1369-monthsHigher SES was associated with better recognition memory for abstract objectsHigher SES was not associated with spatial attention skillWerchan, Lynn, Kirkham, & Amso2019Behavioral483- to 5-monthsHigher SES was associated with a greater ability to engage in color feature-based attention and object-based attention. Associations were linear with SES and not restricted to low SES.SES was not associated with differences in attention to motion, a process associated with the dorsal visual streamClearfield & Jedd2013Behavioral326, 9 and 12 months (tested longitudinally)As the number and complexity of stimuli increased, infants from a higher SES background showed increases in focused attention while infants from lower SES, indicating that lower SES infants did not modulate attention on the basis of stimulus complexityN/AMackey et al.2015Structural MRI5813-15 yearsSES was positively associated with cortical thickness in large swaths of ventral temporal cortex. Greater cortical thickness in the lateral occipital cortex corresponded with higher academic achievementNo significant associations between SES and cortical thickness in the dorsal visual stream.Finn et al.2016Functional MRI6713-15 yearsGreater activation in ventral temporal cortex and lateral prefrontal cortex among higher income children during a high working memory load was associated with higher math achievement.During a high load working memory task, SES was positively associated with greater recruitment of the the intraparietal sulcus / superior parietal lobule and middle frontal gyrusNoble et al.2015Structural MRI10993-20 yearsFamily SES was associated with higher cortical surface area in a large swath of the ventral temporal cortexFamily SES was associated with greater cortical surface area in the intraparietal sulcusPiccolo et al.2016Structural MRI10993-20 yearsThe left fusiform gyrus demonstrated an SES x age-squared interaction such that low SES individuals demonstrate more rapid cortical thinning across development compared to high SES individualsNo significant associations between SES and cortical thickness in the dorsal visual streamRosen et al.2018Functional and structural MRI498-16 yearsSES is positively associated with recruitment of fusiform gyrus and PFC in a working memory task for faces and recruitment of these regions explains SES-related differences in working memory performance and academic achievement.Cognitive stimulation is positively associated with cortical thickness in the left middle frontal gyrus and left intraparietal sulcus in children and adolescence.Avants et al.2015Structural MRI5218-20 yearsCognitive stimulation at age 4, but not 8, is associated with greater cortical thickness in the ventral temporal cortex and PFC at age 19No associations between cognitive stimulation and dorsal visual stream structure

However, it is also possible that the dorsal stream is similarly susceptible to variation in environmental inputs including cognitive stimulation. For example, child-directed speech could drive development of the dorsal stream by impacting orienting of attention and eye gaze, functions that are supported by the dorsal visual stream. Indeed, some studies have found SES-related differences in functional recruitment of the intraparietal sulcus (IPS), located in the dorsal visual stream, during a working memory task ([@bib0230]). Furthermore, a study from our laboratory found that cognitive stimulation is associated with cortical thickness in the left IPS ([@bib0610]) and some studies demonstrate SES-related differences in structure of the IPS ([@bib0525]). These findings raise the possibility that cognitive stimulation may influence development of both the ventral and dorsal streams which may in turn impact the development of PFC and associated EFs.

7. Development of the ventral visual stream scaffolds PFC development and EF {#sec0050}
============================================================================

To our knowledge, no direct evidence exists to demonstrate that development of the ventral visual stream early in childhood scaffolds the development of the PFC and EF. However, in this section we review existing evidence that is consistent with the idea that development of the ventral visual stream influences development of the PFC and EF ([@bib0020]). First, accumulating evidence suggests that functional changes in the ventral visual stream across development play an important role in the development of higher order cognitive function among children. Specifically, activation in ventral visual stream regions (e.g., fusiform gyrus in response to faces; lateral occipital cortex in response to objects) during stimulus encoding and maintenance contributes to improvements in working memory across age ([@bib0130]; [@bib0605]; [@bib0790]). Activation in parahippocampal gyrus and fusiform gyrus during working memory for scenes and faces, respectively, increases with age and is positively associated with both working memory and long-term memory performance ([@bib0130]; [@bib0605], [@bib0610]; [@bib0790]; [@bib0210]). Together these findings suggest that ventral visual stream development may play an important role in supporting EF performance and memory across development. Second, it is well-established that structural maturation of the PFC is protracted and that occipital, temporal, and parietal cortex maturation precede that of the PFC ([@bib0260]; [@bib0690]). Additionally, reciprocal feedforward and feedback connections exist between the PFC and both dorsal and ventral visual streams ([@bib0245]; [@bib0405]).

It has been proposed that the earlier development of more posterior regions including the ventral and dorsal visual streams helps support development of the PFC by feeding the PFC information about the environment ([@bib0020]). Experience-dependent differences in environmental inputs including sensory complexity and caregiver interactions may then impact these reciprocal connections. However, it is clear that additional studies are needed to directly test both the idea that development of ventral visual stream function scaffolds development of PFC function and that variation in cognitive stimulation influences these processes.

8. Variation in cognitive stimulation, EF, and PFC structure and function across the entire SES distribution {#sec0055}
============================================================================================================

In this section, we provide support for the hypothesis that variation in cognitive stimulation, language exposure, EF, and PFC structure and function spans the entire SES distribution and are not simply present at the lowest end of the spectrum. The association between SES and EF exists along the entire distribution, such that even among wealthy families there is a positive association between SES and EF ([@bib0010]; [@bib0295]; [@bib0435]; [@bib0530]; [@bib0610]; [@bib0640]). SES is also associated with cognitive stimulation and parental scaffolding along the entire SES distribution ([@bib0100]; [@bib0120]; [@bib0295]; [@bib0620]; [@bib0640]; [@bib0830]). Similarly, differences in language quantity and quality also exist across the entire SES spectrum ([@bib0125]; [@bib0225]; [@bib0255]; [@bib0330]; [@bib0650]). A recent study suggests that variation in cognitive stimulation predict variation in EF even at the high end of the SES distribution ([@bib0015]). Growing evidence also documents SES-related differences in neural structure and function, including in the PFC and ventral visual stream ([@bib0610]; [@bib0230]; [@bib0525]). Importantly, studies that have looked at SES as a continuous variable have found that SES-differences in neural structure and function are present along the entire SES distribution ([@bib0525]; [@bib0610]; [@bib0770]). Moreover, studies have demonstrated that cognitive stimulation, parental involvement in learning, and parental language complexity mediate the association of SES with EF ([@bib0295]; [@bib0640]; [@bib0670]; Daneiri et al., 2018; [@bib0610]; [@bib0615]). Thus, variation in cognitive stimulation, language experiences, and the frequency and quality of caregiver interactions are reasonable candidate mechanisms explaining why SES-related differences in EF and PFC structure and function exist along the entire distribution.

9. Future directions {#sec0060}
====================

This piece provides a novel conceptual framework from which to launch future research. Here, we discuss important questions that require further investigation. First, the data that we present here are for the most part cross-sectional and correlational. We advance the idea that cognitive stimulation drives development of the ventral visual stream which communicates through feedfoward-feedback loops to drive development of the PFC and related EFs. However, due to the lack of longitudinal imaging and behavioral data, these data are also consistent with the reverse idea: that the development of the PFC and related EFs drive the development of the ventral visual stream. In order to disentangle these possibilities, future longitudinal work should demonstrate that development of regions of the ventral visual stream and related sensory processes precedes and predicts both EF performance and PFC structure and function.

Relatedly, the timing of this sensitivity is poorly understood. Some work points to the importance of cognitive stimulation early in development being associated with EF and brain structure later in childhood and adolescence (e.g. [@bib0675]; [@bib0025]), but without longitudinal studies starting in infancy, understanding the window of sensitivity is impossible. Understanding the timing of sensitivity to these inputs is critical to designing effective interventions to improve EF. Moreover, experimental intervention studies are needed to determine a causal link between cognitive stimulation and development of the ventral visual stream, PFC, and EF. Indeed, recent work found that an intervention designed to increase cognitive stimulation improved EF in children ([@bib0825]), but whether such an intervention would directly impact the ventral visual stream and in turn the PFC is unknown. Importantly, the ventral visual stream becomes specialized starting in infancy ([@bib0520]; [@bib0545]) and matures relatively early in childhood ([@bib0275]; [@bib0645]). If PFC development relies on early interactions with the ventral visual stream, some sensitive periods for PFC development may be earlier than typically thought.

Our focus here is on how individual variability relevant to SES may shape the ventral visual stream, and in doing so, may impact the development of the PFC. We support our conceptual model with numerous studies that have highlighted SES-related differences in structure and function of these regions ([@bib0455]; [@bib0525]; [@bib0565]; [@bib0610]), and evidence that these regions are impacted by cognitive stimulation early in development ([@bib0025]). Some evidence suggests that SES and cognitive stimulation may also be associated with structural and functional differences in the dorsal visual stream including the superior parietal lobule and intraparietal sulcus ([@bib0230]; [@bib0610]). It is possible that cognitive stimulation similarly impacts development of the dorsal stream, which may in turn influence development of the PFC. Future studies should directly test the associations of SES and cognitive stimulation with patterns of behavior that are supported by the ventral (e.g., object-based attention) and dorsal (e.g., spatial attention) visual stream as well as patterns of neural function and connectivity with the PFC within the same sample. It will also be important for future longitudinal research to examine how patterns of neural function and connectivity in the dorsal and ventral visual streams influence later PFC development.

Furthermore, we argue that caregiver interactions coupled with an environment rich with sensory information help support PFC and EF development. We believe that both of these aspects of the environment are critical. For instance, simply having access to toys that teach numbers without the presence of a caregiver to help guide learning may not lead to strong EF development. However, whether each of these aspects of cognitive stimulation is equally important and whether their impact is additive remains unknown and requires a more nuanced assessment of the home environment in future studies. Additonally, it remains unknown how specific types of caregiver interactions (e.g. parental language complexity vs. parental scaffolding) might impact EF and neural development differently. Our hypothesis is that both quantity and quality of caregiver interactions are critical. We predict that any environment that reduces a child's ability to receive consistent and reliable information from caregivers to guide attention and learning would impact development of EF, the ventral visual stream and PFC structure and function. Future work should measure caregiver interactions using a wide variety of dimensions (e.g. stimulation-deprivation, safety-threat, predictable-unpredictable) to disentangle the precise elements of parenting that are most strongly related to neurocognitive development.

Our current model posits that higher levels of cognitive stimulation drive development of EF in children. However, it is also possible that these associations reflect either genetically-mediated pathways or that children with higher EF abilities elicit more cognitive stimulation from their caregivers. With regards to the first, parental cognition is also positively associated with child neurocognitive development, which could reflect genetic influences on cognitive development and that higher maternal cognition is associated with greater engagement in scaffolding and other behavior that stimulates cognitive development in children ([@bib0035]; [@bib0315]). There is considerable controversy regarding whether SES moderates the genetic influences on intelligence such that the environment accounts for a greater proportion of the variance among low SES children while genetic factors play a greater role among high SES individuals ([@bib0235]; [@bib0745]; [@bib0765]; [@bib0315]). A recent twin study that investigated the role of the home environment in the relations between genetic factors, SES, and intelligence found that the association between genetics and child IQ is stable across the SES distribution, while environmental factors are more strongly associated with IQ in low-SES children compared to their high-SES counterparts ([@bib0315]). Interestingly, the magnitude of the association of the home environment---including cognitive stimulation and parental engagement---with child cognitive outcomes is stronger than the associations of both SES and maternal IQ with cognitive outcomes ([@bib0740]). Moreover, parental scaffolding of child learning mediates the association between SES and cognitive development in children, even after controlling for maternal cognition ([@bib0600]). Thus, existing evidence suggests that although parental cognitive ability plays a role in children's cognitive development, the quality of the home environment---including the degree of cognitive stimulation---plays an important role in cognitive development over and above these effects. Thus, it is possible that interventions designed to increase cognitive stimulation in the home may be effective in improving cognitive and neural outcomes in children regardless of the cognitive abilities of caregivers.

With regard to reverse causation, children with greater cognitive abilities may engage in more conversation, exhibit greater interest in learning, ask more questions, and exhibit faster learning than children with lower abilities. Indeed, several longitudinal studies suggest that children with greater cognitive abilities elicit greater stimulation from parents over time ([@bib0750]; [@bib0445]). However, in a recent longitudinal study from our laboratory, cognitive stimulation predicted growth in EF over an 18-month delay in early childhood whereas EF did not predict growth in cognitive stimulation ([@bib0615]). Although these associations are clearly reciprocal, we focus on the pathway from cognitive stimulation to EF as it presents a clear and modifiable target for interventions aimed at improving cognitive development.

Finally, children raised in low SES environments are at risk for experiencing numerous adverse outcomes, including substance abuse, psychopathology, and lower levels of academic achievement ([@bib0555]; [@bib0040]; [@bib0105]). Future research is needed to evaluate whether altered neural development in the ventral visual stream and PFC contributes to these outcomes. Interestingly, adolescents with altered recruitment of the PFC and ventral visual stream during inhibitory control and working memory tasks are more likely to go on to use alcohol and other drugs later in adolescence ([@bib0540]; [@bib0695]; [@bib0720]). Additionally, SES-related differences in recruitment of the fusiform cortex and PFC during a working memory task for faces was positively associated with academic achievement ([@bib0610]). It is possible that altered neural development in these circuits plays a role in the wide range of adverse outcomes observed among children raised in low-SES environments. Greater research is needed to identify the neural mechanisms contributing to these disparities.

10. Conclusion {#sec0065}
==============

We propose a novel mechanistic account of how the early environment scaffolds the development of EF as well as PFC structure and function. Specifically, we propose that cognitive stimulation---which encompasses access to a complex environment with developmentally appropriate learning materials, a rich variety of experiences, a complex linguistic environment, and the presence of a caregiver who interacts with the child consistently and uses strategies that promote learning---is critical in shaping the development of EF and the PFC and explains disparities in EF among children raised in lower-SES households. In this paper, we propose that cognitive stimulation early in development helps to shape PFC development by providing opportunities to regulate attention and resolve conflict between competing visual inputs, including through input from the ventral visual pathway, which may in turn produce enhanced representation of visual stimuli. We further argue that language exposure supports the development of EF by supporting object disambiguation and semantic knowledge. We provide evidence that these pathways are a plausible mechanism linking early environmental experience to the development of EF and the PFC. Specifically, we demonstrate that SES is associated with cognitive stimulation and that variation in cognitive stimulation is associated with individual differences in EF and the structure and function of the PFC. Furthermore, we review evidence that SES and cognitive stimulation are associated with structure and function of the ventral visual stream and that cognitive stimulation varies across the entire SES distribution and can explain the presence of SES-related differences in EF and PFC even in high-SES families. We suggest that these differences in experience beginning early in development may produce lasting differences in development of visual association cortex which in turn impacts development of PFC circuitry and EF. Studies that aim to test this biologically plausible model have potential to uncover the environmental and neural mechanisms underlying SES-related disparities in EF as well as the developmental windows in which children are most sensitive to cognitive stimulation. This work will be important for determining the types of interventions that may be most effective for mitigating SES-related disparities in cognitive and academic outcomes.
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